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Abstract  
Here, we present a method of gravity-drawing polydimethylsiloxane (PDMS) silicone fibers1,2 
with application as fiber optics and as model foldamers. Beginning as a viscous liquid, PDMS is 
cured using heat until its measured viscosity reaches 4000 mPa•s. The semi-cured elastomer is 
then extruded through a tube furnace to produce thin (diameters on the order of hundred 
micrometers) filaments with scalable lengths. PDMS is biocompatible, gas-permeable, flexible, 
and hydrophobic. Additionally, the PDMS surface hydrophobicity can be modified via UV 
exposure, O2 plasma, and corona discharge. We demonstrate the patternibility (i.e patterns of 
hydrophobicity) of PDMS fibers, adding complexity to potential foldamer systems. In order to 
study folding, we acoustically excite filaments at the air-water interface, while imaging their  
folding conformations and dynamics. In order to study their use as fiber optics, we confirmed their 
ability to waveguide light and measured their flexibility. PDMS fiber flexibility relative to their 
glass and acrylic counterparts makes them attractive in application as biosensors, with a measured 
Young’s modulus that is three to four orders of magnitude less stiff than glass/acrylic fiber optics. 
Additionally, the silicone fiber’s transmission may be tuned to be solvent or gas-sensitive, 
suggesting low-cost applications as both biological and environmental sensors. 
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1  Introduction 
 
1.1 PDMS Material Properties 
Polydimethylsiloxane (PDMS) is a silicone-based organic polymer widely used in 
research, cosmetics, medicine, and food. The material is biocompatible, gas-permeable, heat-
resistant, water-resistant, hydrophobic, non-toxic, and flexible, making it attractive for a broad 
range of applications. Silicone’s chemical structure consists of an alternating silicon-oxygen 
backbone with organic methyl groups attached to each silicon atom. (Figure 1). The repeating 
methyl groups are what gives PDMS its hydrophobic surface. PDMS rubber is typically produced 
by adding a cross-linking agent to silicone oil in a ratio that determines PDMS’s mechanical 
properties.3 One important material property that changes with curing ratio (silicone oil:cross-
linking agent) is the elastic modulus. The elastic modulus that describes tensile elasticity (i.e. 
Young’s modulus, E) is defined as the uniaxial stress (𝜎) divided by strain (𝜀).  
                                                      E = 
𝜎
𝜀
                                          (1)       
Essentially, it measures the stiffness of a solid material, in this case, cured PDMS. A curing ratio 
of 5:1, increased to 33:1, can change Young’s modulus of PDMS from 0.57 mPa to 3.7 mPa.4 In 
this range, we currently use the manufacturer’s recommendation of a 10:1 mixture in order to 
produce our silicone fibers.5 The smaller the Young’s modulus, the more flexible the material is. 
Quantifying flexibility is important in order to compare silicone fibers to existing fibers in the fiber 
optic field, including PMMA acrylic and silica glass fibers. In vivo fiber optic biosensing is limited 
by mechanical and chemical characteristics: fiber flexibility, permeability, biocompatibility and 
analyte sensitivity.6 Silicone fibers, with a small Young’s modulus indicating greater fiber 
flexibility, become attractive for application in the fiber optic biosensing field. Additionally, 
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flexibility is an important parameter in folding and can be quantified to resemble other 
biopolymers.   
 
Figure 1. Chemical structure of Polydimethylsiloxane (PDMS). 
Making fibers out of PDMS proves more challenging than traditional fiber production 
methods compatible with other polymers, and in the current literature, there has been little success 
in producing long continuous PDMS filaments without altering the original, desirable properties 
of bulk PDMS. Non-PDMS polymer fibers  are manufactured by heating up to a melted, viscous 
form in a reservoir, and then extruded through a high-pressure spinneret. The fiber extruded is then 
blasted with cold air in order to solidify its form.7 PDMS, a viscous liquid at room temperature, 
has a melting point near -40 ℃, making melt-spinning an ineffective method of filament 
production. Additionally, form-casting high-aspect ratio filaments (i.e. thin, long filaments) of 
PDMS is not a viable method as their high surface area to volume ratio thwarts release from 
molds.8 To solidify PDMS, the silicone oil is mixed with a cross-linking agent, and moves towards 
its elastomer form over time, accelerated by heat. Filaments of PDMS have been produced by 
mixing PDMS with carrier polymers, allowing for electrospinning, which uses an electric field to 
create a charged jet of polymer solution that evaporates into a fiber.9,10,11 Nonetheless, fibers 
produced by this method are not pure PDMS and do not share its well-characterized and useful 
properties. Essentially, PDMS presents a challenge to fiber production and requires a method that 
avoids traditional fiber-drawing techniques. 
 
7 
1.2 PDMS Surface Modifications  
We develop a method that produces fibers while still maintaining the desirable material 
properties of PDMS. Of these properties, PDMS possesses the unique ability to change the 
hydrophobicity of its surface via exposure to oxygen plasma, UV-light, or corona discharge.12,13,14 
Each technique, through various levels of exposure, can temporarily change the hydrophobic 
surface to a hydrophilic one (Figure 2). 
  
Figure 2. PDMS surface before (left) and after (right) UV-Ozone treatment.  
Previous FTIR studies of PDMS surface modifications have found a greater presence of 
Si-O-Si and Si-OH bonds at the surface after UV/Ozone and O2 plasma exposure.
15 (Figure 2). 
This treatment is temporary and eventually results in hydrophobic recovery generally after a few 
hours but can be extended up to 7 days with immersion in water as found after UV-Ozone 
treatment.16  
 
Figure 3. Surface modification of PDMS by UV/Ozone, O2 plasma, or Corona discharge resulting 
in increased hydrophilic groups SiOx and Si-OH at the surface.  
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1.3 Self-Assembly  
The ability to modify PDMS surfaces, and ultimately PDMS fibers, gives the possibility of 
creating long strings of distinct parts (distinct in their hydrophobicity) that assemble into ordered 
conformations in water guided by the hydrophobic effect. At the air-water interface, we can 
imagine sticky regions interacting with one another, excluding hydrophilic regions and water. 
Many folding systems in nature function through a similar sort of self-assembly. Self-assembly 
occurs when the components of a system form an ordered structure or pattern due to their own 
interactions, without an external guide. If a hydrophobic filament is placed into water, it might 
fold onto itself in order to minimize its surface area that is interacting unfavorably with water, 
following the hydrophobic effect. In biological systems, we also see the hydrophobic effect as a 
guiding force in protein folding, allowing hydrophobic amino acids to shelter themselves from 
exposure to the aqueous environments in the body.17 On small scales, proteins fold based on their 
primary sequence of amino acids, specifically through interactions of polarity and charge. 
Harnessing the self-assembly that occurs in biological systems will open the doors to 
programmable materials essential to the future of construction, fabrication, and other industries.18 
On a larger scale, Whiteside’s group, specifically Reches et al., examines the folding of 
electrostatically charged beads-on-a-string, producing a physical model for polymer folding that 
has provided insight into molecular RNA folding. (Figure 4). Their work focuses primarily on the 
effect of charge, allowing beads (approximately 6 mm in diameter) separated by smaller (~3 mm) 
poly(methyl methacrylate) (PMMA) spherical beads on a flexible string to be agitated, 
tribocharging larger beads with opposite electrostatic charges on a horizontal paper surface, 
leaving PMMA beads uncharged, resulting in electrostatic interactions that guide folding.19 
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Unlike Whitesides’ beads-on-a-string, PDMS filaments are uniform in diameter and 
consist of a single material. Additionally, the modifiable surface of PDMS, allowing varying 
patterns of hydrophobicity, make for more complex patterns, along with greater access to folding 
conformations. In this application, rather than study the effects of electrostatic interactions, one 
could study the hydrophobic effect in more complex folding interactions.  
 
Figure 4. George Whiteside’s “beads-on-a-string” model. Folding of short chain RNA. (A) The 
letters represent sequences of nucleosides. The two sequences are related by inversion of purines 
and pyrimidines. (B) Theoretical calculations predicted hairpin loop structures (with different free 
energies of folding) for each sequence. (C) Time lapse photographs captured the folding process 
for the analogous sequences composed of long (≈14 mm) and short (≈7 mm) cylindrical beads. 
The images represent the folding of the two sequences, GGCAUAAUAGCC (Left), which folded 
to one stable conformation (highlighted in red) in eight experiments, and AAUGCGGCGAUU 
(Right), the structure of which evolved continuously throughout eight independent experiments. 
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1.4 Basics of Fiber Optics  
 Traditional fiber optics are commonly used in internet, cable TV, surgery and dentistry, 
and military and space industries.20 A basic fiber optic consists of a core, a lower refractive index 
cladding, and usually a protective coating or buffer. (Figure 1).  
 
Figure 5. Basic optical fiber schematic. Coating not shown.  
Refractive index (n) is a dimensionless measure of how fast light travels through a material and 
can be quantified as the ratio of the velocity of light in a vacuum (c) to the velocity of light in a 
given medium (𝑣).  
                                                                       n = 
𝑐
𝑣
                                             (2) 
Snell’s law (Eq. 3) is used to describe the behavior of light as it crosses the boundary of two 
different materials, making it fundamental to the principles of fiber optics.  
                                           
𝑠𝑖𝑛𝜃1
𝑠𝑖𝑛𝜃2
 = 
𝑛2
𝑛1
                                          (3) 
Fiber optics work under the law of total internal reflection, reflecting all light back into the core. 
Therefore, optical fibers can transmit light from one end to the other without significant amounts 
refracted to the environment. A lower index cladding helps achieve total internal reflection, 
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ensuring that beyond a critical incident angle, light can no longer be refracted, consistent 
mathematically with Snell’s law.21 (Figure 6). 
 
Figure 6. Light traveling between two mediums of different refractive indices. The incident ray 
will be refracted into the second medium up to a critical angle in which all incident angles greater 
than it experience total internal reflection.  
1.5 Current Fiber Optics  
Current fiber optics, while great for applications requiring transmission over long 
distances, are generally not manufactured to be used in flexible, biological applications. 
Mainstream optical fibers are made of either silica glass or poly(methyl methacrylate) (PMMA) 
and have Young’s modulus of 73 GPa and 1.6-3.4 GPa respectively.22 Fibers can be either single-
mode or multimode, where single mode requires a single strand of glass with a narrow diameter 
so that only one mode will propagate. (Figure 7). Our PDMS waveguides are multimode fiber 
optics, meaning multiple light modes will propagate through the material due to the larger core 
diameter.  
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Figure 7. Single-mode demonstrates a single mode of propagation through the fiber. Multi-mode 
allows multiple modes of propagation demonstrated by grey, red, and blue arrows. 
PMMA (acrylic) fibers tend to be more cost-effective than glass fibers, and similarly, 
PDMS is inexpensive and often used with PMMA to create flexible, cost-effective microfluidic 
devices.23,24 Glass optical fibers are more fragile and susceptible to breakage, but can withstand 
harsh environments where PMMA fibers would degrade over time. PDMS draws on some of the 
attractive qualities of both plastic and glass fibers, harnessing even greater flexibility than PMMA 
but withstanding wet and corrosive environments similar to glass fibers.  
1.6 Biological and Chemical Sensing 
The use of fiber optics in biological and chemical sensing is attractive because they enable 
optical spectroscopy to be performed at sites out of reach of conventional spectroscopy.25 
Currently, oxygen sensing is one of the most successful technologies developed using fiber optics 
for chemical sensing.25 Most of these technologies rely on the quenching of luminescence of an 
oxygen-sensitive molecule. Ultimately, fiber optic sensors rely on a change in the transmittance of 
the fiber. Most of these technologies are not applied in vivo and are instead efficient in in vitro or 
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external applications. In vivo fiber optic biosensing techniques using silica glass fiber optics have 
had some success, but these technologies are based upon a relatively short occupancy in vivo in 
order to ensure minimal invasiveness and reduce adverse effects of implantation.26,27 
Implementation of flexible PDMS optical fibers to similar applications would increase both 
flexibility and biocompatibility.  
1.7 Novel PDMS Filament Production 
 Our method to produce long, continuous filaments of PDMS, cured through a gravity-
drawn process requires two steps. Initially, we partially cured filaments in an oven to finalize 
curing with gravity through a tube furnace.1 Consistent heating time for partial curing was 
important, but ultimately, we found that viscosity was a more reliable parameter for determining 
the essential semi-cured properties for filament production. Here, we outline a heating method, 
with continuous viscosity measurement, to produce filaments in a reproducible manner. With 
novel PDMS filament production, we envision two major modes of study: PDMS filaments as 
model foldamers and as fiber optics with application as flexible bio and chemical sensors.  
2 Methods & Results  
2.1 Viscosity-Dependent Filament Production 
Initially, 27.5 g Slygard 184 PDMS (Corning) is mixed at a 10:1 base:curing agent ratio, 
and placed into a vacuum desiccator to remove all bubbles. The sample is then placed into the 
oven at 65˚C for 16 minutes for semi-curing. While we can track the temperature of PDMS when 
semi-curing in the oven, as seen in Figure 8, we know little else about the material parameters of 
PDMS that define its semi-cured properties. The oven method then becomes solely dependent on 
time and temperature for proper semi-cured filaments for final curing.  
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Figure 8. Temperature profile of the sample during the semi-curing process. 
As seen previously, viscosity is an important factor in the flow and shape of fluid materials, 
making it an ideal property to track and define as liquid PDMS semi-cures into a more viscous 
material. Heating while measuring viscosity becomes an important step towards finding the 
appropriate window for filament production. Through trial and error, we were able to determine 
that removing PDMS from heat to a room-temperature extruder, allows a workable window to 
proceed to the second step of gravity drawn filament production (Figure 9). Between the transition 
from heat to room temperature, the workable window for filament production aligns with the 
previously found viscosity of 16,625 mPa•s suitable for drawing filaments. (Table 1). 
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Figure 9. Pre-curing PDMS by heat coupled with viscosity measurement. Grey points show 
viscosity with continuous heating, whereas black points show PDMS heated to a viscosity of 4000 
mPa•s, taken out and put into a room-temperature extruder with further gradual curing. The blue 
window represents the appropriate viscosity window for step two of the filament production 
process.2 
Table 1. Material properties of PDMS ideal for gravity-drawing filaments.1 
 
 After the semi-cured PDMS is placed in the room temperature extruder, it is then extruded 
through a needle into a tube furnace with airflow in order to flash cure the filaments. (Figure 10). 
Filaments are then placed and undisturbed on wooden racks overnight. Once filaments are 
produced, we can characterize their material properties, ensuring they maintain the desirable 
properties of unprocessed PDMS. 
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Figure 10. Extrusion and final curing set-up for PDMS filaments. Semi-cured PDMS is extruded 
out of the green extruder through a needle piece and flash-cured in the tube furnace at 250℃. 
2.2 Stress-Strain Analysis  
As previously mentioned, other methods including those that dope PDMS with carrier 
polymers in order to be compatible with electrospinning, lose much of the attractive properties of 
bulk PDMS. To ensure that once drawn, PDMS filaments maintain similar flexibility to bulk 
PDMS, we performed stress-strain analysis. Hanging staples of known weight one at a time from 
one end of a vertically suspended PDMS filament allows us to later quantify the stretch by 
measuring the distance between marked points initially 1 cm apart (Figure 11).  
From this stress-strain analysis, Young’s modulus of the PDMS filament was then 
determined to be 1.07 mPa. Published Modulus of Elasticity values for bulk PDMS are found from 
a range of 1.32-2.97 mPa, indicating comparable values for both bulk PDMS and PDMS fibers.22 
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Figure 11. (A) Stress-strain analysis set-up using a Celestron handheld digital microscope pro to 
capture the changing distance between two points on the filament originally 1 cm apart. (B) Stress-
strain curve for a 6 cm filament with a 115 µm diameter. A modulus of elasticity of 1.07 mPa was 
determined using a fit to the linear part of the curve (Blue line)  
2.3 Automated PDMS Filament Patterning  
While UV-ozone and oxygen plasma exposure are both viable methods  to modify the 
surface of PDMS, corona discharge (ionization of air that creates a localized plasma) using a 
convenient hand-held corona treater allows for the quick transformation of a hydrophobic PDMS 
surface to a hydrophilic one. (Figure 12).  
 
Figure 12. Corona treater treating a slab of PDMS.  
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In order to create a surface modification system compatible with long, continuous PDMS 
filaments, we have created an Arduino microcontroller-powered set-up that can be used for 
patterning along the filament’s length, allowing a stepper-motor to pull a filament a set length. 
(Figure 13) For example, if a pattern of hydrophobic-hydrophilic regions alternating every 2 cm 
along the filament is desired, the Arduino can be programmed to pull the stepper motor along 
activating the corona discharge at each indicated hydrophilic region. This will result in a pattern 
seen in figure 14.  
 
Figure 13. Wiring diagram for Corona patterner. Corona discharge device is plugged into the 
relayed power source. The filament is loaded on a tray attached by a non-conducting wire to the 
stepper motor via a spindle. The pattern is uploaded onto the Arduino microprocessor on the 
bottom left.2 
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Figure 14. (A) Using the Arduino-controlled patterner, the characteristic filament is patterned 
hydrophobically every 2 cm and visualized with 1 µL drops of water. (B) Contact angle 
measurements to quantify change in hydrophobicity after corona exposure.   
Additionally, to improve the resolution, the filament tray containing the filament was 
placed on top of the edge of a conductive metal plate, ensuring the plasma of the corona treater is 
directed to the filament lining the edge. Conductive surfaces beneath the sample help localize the 
plasma created by the corona discharge. This allowed the resolution to increase without past 
techniques of moving the tip of the treater closer to the sample. Past samples treated with the tip 
6.35 mm (¼”) away left the surface greater than 1 cm on either side of the electrode somewhat 
significantly modified.28 But with the metal-edge technique, the resolution was improved 
significantly on a six-inch filament. (Figure 15) 
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Figure 15. Preliminary data of increased resolution of Corona treater using metal-edge technique.  
 
2.4 Filaments as Model Foldamers 
2.4.1 Filament Agitation System 
In order to study the folding of filaments at the air-water interface, we created a system 
that allows us to excite filaments acoustically while capturing the conformations a filament takes 
on. The filament agitation system can be seen in Figure 16A, along with an example of excitation 
at the air-water interface in Figure 16B.  
2.4.2 Kinetic Analysis  
 One mode to observe folding is a kinetic approach, directly measuring the trajectory of an 
excited filament. A filament is excited at the air-water interface while a computer-controlled 
camera records a video, using Octave analysis to elucidate the filament’s conformational 
trajectory. In some cases, the filament does not reach a final, stable conformation on the 
experimental timescale (Figure 16C, black line), or a filament adopts several conformations until 
eventually settling into a stable conformation. (Figure 16C, red line). 
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2.4.3 End-to-End Distances  
In order to determine a conformational probability distribution of a characteristic PDMS 
filament, similar to Monte Carlo simulation techniques, a filament is placed at the air-water 
interface, excited acoustically for a set period of time (determined by a script), and then stopped. 
An Applescript turns off the speaker and captures an image of the filament’s conformation. After 
each image, the conformation is reset quasi-randomly and from this data, we can determine the 
conformational probability distribution of a given filament. 
As proof of concept, we used this information to show the end-to-end distribution of a 
characteristic filament (205 µM, 6 cm long, excited at 70 Hz) can be fit to a worm-like-chain model 
of semi-flexible polymers. The histogram of figure 16D is fit to Winkler’s Equation29 
 
                                                                                                                                               (4) 
 
 
where f(x) is the distribution of end-to-end distances, xo is the total length of the filament, and Lp 
is the persistence length, a measure of stiffness. From this equation, we determined the fit 
persistence length to be 2.71 cm.  
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Figure 16. (A) Filament agitation set-up. (B) Optical imaging during acoustic excitation. (C) 
Kinetic traces of a 6 cm long, 75 µm diameter filament excited at 50 Hz (black) and 70 Hz (red). 
(D) Histogram of end-to-end distances of a 6 cm long, 205 µm diameter filament excited at 70 Hz. 
Filaments were imaged after each excitation to determine the end-to-end distance conformation. 
The red line is fit to Winkler’s equation.  
 
2.5 PDMS Filaments as Fiber Optics  
 
2.5.1 Flexibility  
From the previously determined Young’s Modulus of 1.07 MPa, comparable to that of bulk 
PDMS ranging from 1.32-2.97 MPa, we find PDMS fibers orders of magnitude more flexible than 
its PMMA-based acrylic and silica glass counterparts. (Figure 17) 
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Figure 17. PDMS fiber proves orders of magnitude more flexible than its counterparts. 
 
2.5.2 Fiber Optic Transmission Set-Up 
  
PDMS optical fibers of varying diameters were successfully attached to a standard fiber 
optic connector on either end, allowing for analysis of the fully compatible fiber’s transmission 
spectrum. With one standard connector connecting to a LED light and power source, along with a 
power sensor at the opposite end of the fiber, the transmission power of a filament can be 
measured. (Figure 18). Similarly, rather than a blue LED light source, a white light source, attached 
to a BLACK-Comet UV-Vis spectrometer30 in place of the power sensor, can measure a fiber’s 
entire transmission spectrum. (Figure 19A,B).  
Because light attenuation as light travels from one end of the fiber to the other is expected, 
we characterized this loss using ImageJ brightness pixel analysis (Figure 19C). We found roughly 
a 0.6 dB/cm loss for an unoptimized PDMS optical fiber. (figure 19D). Additionally, bending can 
increase attenuation, and we found through preliminary experiments that with increased bending, 
light intensity received by the spectrometer decreases across all wavelengths. (Figure 20).  
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Figure 18. The system used to characterize transmission from LED light source.  
 
 
Figure 19. (A) Image of fiber set-up using white light source and spectrometer. (B) Normalized 
PDMS Fiber Transmission spectrum for two fibers. (C) Attenuation across an unoptimized PDMS 
fiber. (D) Normalized scattering intensity across an unoptimized PDMS fiber from part C using 
ImageJ analysis, equating to a ~ 0.6 dB/cm loss.  
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Figure 20. Preliminary data on a bending filament. Transmission spectrum intensity decreases 
with increased bending starting with a linear filament (red line). Bending increases going from 
orange to yellow to green to blue.  
2.6 PDMS Filaments as Biosensors: Proof of Concept 
Beginning as a viscous liquid and curing into a solid makes PDMS a material uniquely 
suited to suspend molecules in. Even further, suspension of molecules into a PDMS fiber would 
open up many biosensing applications. We performed a proof-of-concept experiment, suspending 
Ruthenium-tris(4,7-diphenyl-1,10-phenanthroline) dichloride, or Ru(dpp), into a fiber. (Figure 21) 
Ruthenium(II) dye complexes have previously been suspended into PDMS membranes to use as 
oxygen sensors, and we extend this suspension to PDMS fibers.31 
 
Figure 21. Chemical structure of Ruthenium-tris(4,7-diphenyl-1,10-phenanthroline) dichloride, or 
Ru(dpp).  
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 We dissolved 0.088 g of the Ruthenium complex in 10 mL of ethanol, placing 1 mL of the 
solution in a glass petri dish, allowing ethanol to evaporate in the oven overnight. From here, we 
make filaments as previously described, mixing curing agent, silicone oil, and Ruthenium complex 
in the glass petri dish, taking careful note that the incorporation of Ruthenium complex into the 
mixture increases flammability when transitioning into heating steps of the filament production 
procedure. Once created, filaments should have a higher luminescence in low oxygen conditions, 
quenched in higher oxygen conditions as seen in Figure 22.  
 
Figure 22. Potential oxygen sensor after Ru(dpp) incorporation into PDMS fiber.  
 
 We measured the Ruthenium complex’s absorbance and emission spectra before being 
incorporated into the fiber, along with the fiber’s absorbance and emission after suspension. 
(Figure 23). Despite heat exposure and extrusion, Ru(dpp) within the fiber retains its signature 
absorbance and emission, showcasing that we can suspend molecules successfully into micron-
scale diameter PDMS fibers.  
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Figure 23. Ru(dpp) absorbance and emission spectra independent of PDMS fiber. (Dotted lines) 
Absorbance and emission spectra of PDMS fiber with Ru(dpp) incorporated.  
3 Discussion & Conclusions 
3.1 Young’s Modulus and Stress-Strain analysis 
Based on our stress-strain analysis, Young’s modulus of a characteristic PDMS fiber was 
determined to be 1.07 mPa. This value is slightly lower than that of bulk PDMS (1.32-2.97 mPa), 
but still on the same order of magnitude. PDMS cured at lower temperatures has been found to 
have a lower Young’s modulus than that of higher temperature cured PDMS (e.g. 25℃ vs 200℃), 
consistent with our initial curing temperature of 65℃.32 Because of this, we conclude that PDMS 
filaments crosslink similarly to bulk PDMS. A fit to the linear portion of the stress-strain curve 
was used to determine Young’s modulus. Note that once the stress-strain curve becomes nonlinear, 
the material reaches its proportional (strain) limit. Often, nonlinearity can be attributed to stress-
induced plastic flow in the material, allowing the rearrangement of internal molecular structure.33 
This can occur in PDMS because it has high molecular mobility. Plastic deformation in materials 
can sometimes be desirable, strengthening the material through a process called work-hardening. 
Work-hardening of glassy polymers like polystyrene and PMMA has been characterized and might 
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be a valuable direction to study PDMS’s response to deformation and other defects that might 
affect applications of PDMS.34 
3.2 Surface Modifications 
Corona discharge provides a low-cost system that effectively reduces the contact angle of 
water droplets on a PDMS filament (as well as any PDMS surface), indicating that the hydrophobic 
surface has been modified to become reversibly hydrophilic.14 Treatments with UV-Ozone have 
previously been used by our group to modify the PDMS surface and selectively pattern filaments, 
but the short treatment times of corona discharge make it an attractive alternative. Additionally, 
the hand-held nature of corona discharge makes it easily adjustable. The system also has 
interchangeable tips that are optimized for either overall surface coverage (with less concern for 
resolution) or very localized modifications, such as patterning filaments. The distance from the 
sample, along with the material beneath the sample are both important to improve resolution and 
localize the plasma. These parameters can be easily adjusted to improve resolution as seen in figure 
15. Even though hand-held corona discharge operates under high voltage, but low current, and has 
been advertised as safe to touch, our first priority in our lab is safety. Currently, corona discharge 
use is performed in a fume hood inside an acrylic box with air holes to release ozone and minimize 
exposure.  
3.3 A Model System for folding 
Through Monte-Carlo (i.e. repeated quasi-random sampling) style folding experiments at 
the air-water interface, we were able to get an end-to-end distance profile of a characteristic PDMS 
filament. This histogram of end-to-end distances fit well to Winkler’s equation, allowing us to 
determine the persistence length of the filament. Persistence length is a measure of the bending 
stiffness of a polymer. Winkler’s equation, as seen in equation 4, addresses the end-to-end distance 
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distribution of biopolymers like DNA and is consistent with the Worm-Like-Chain model.29 
(WLC) The WLC model is an established model to describe the behavior or semi-flexible 
polymers, including biopolymers like DNA.35 With a persistence length of 2.71 cm, roughly half 
of the original 6 cm length, the filament falls into the range of semi-flexible polymers and is 
consistent with the WLC.  
Protein folding is a notoriously challenging computational problem to study. Even the 
fastest folding protein would take decades to simulate on modern computers, producing 
unimaginable amounts of raw data. Distributed computing, like the Folding@Home project, 
allows individual computers to come together to solve folding problems.36 While this does increase 
the computational power available to solve complex problems, most simulations still use brute-
force to sort through possible pathways to conformations until reaching the final conformation. 
Ultimately, computational studies seem especially subject to Levinthal’s Paradox: complex 
proteins should take exponentially long times to reach their native conformation, yet 
experimentally, proteins fold much more quickly.37 This hints at the idea of hidden design rules 
that allow proteins to achieve final conformations much more quickly than random folding to the 
lowest energy state. The foldon hypothesis proposes that independently cooperative foldon units 
compose a protein and fold in a step-like manner, sometimes unfolding and refolding. This 
hypothesis suggests some sort of design rules that allow foldon units to fold in a specific order 
rather than out of randomness.38 Using a scaled-up system, with filament diameters on the µm 
scale visible using conventional optics may help bridge the gaps that are missed in computational 
approaches. With access to a wide range of conformations owed to filament flexibility, selective 
patterning to increase the complexity of folding, and interactions based on the hydrophobic effect 
paralleling protein and polymer folding, we hope our model system will provide insight into the 
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mechanisms and pathways of folding. Additionally, developing design rules within our model 
system might allow for more controllable folding with application as potential self-weaving, 
programmable materials.  
3.4 PDMS Waveguides  
 We have demonstrated that PDMS fibers successfully waveguide light, as seen in figure 
19. It is important to note that PDMS waveguides are unoptimized, consisting only of a PDMS 
core without cladding that might reduce light attenuation. For future studies, the core PDMS fiber 
might be clad with a lower-cure ratio PDMS to provide a lower refractive index to prevent 
extraneous transmission losses. Additionally, light scattering tends to occur when light hits an 
impurity in the material, so filtering and minimizing the number of impurities in PDMS fibers will 
be an important direction.  
 In order to fully take advantage of the flexibility of PDMS waveguides, further bending 
properties must be characterized and optimized. Fiber optics often experience bending losses 
because of the ease and frequency of bending. When a critical bend radius is reached, generally 
less for multi-mode fibers, losses increase quickly.39 Generally, bend losses increase at longer 
wavelengths, although preliminary bending experiments (Figure 20) seem to experience consistent 
losses through the 400 nm - 800 nm range. Future experiments beyond the visible light range may 
not follow this trend.  
3.4.1 Fiber-optic biosensors  
 Current fiber optics work well in applications that require long continuous, linear distances 
but do not have the biocompatibility or flexibility to be suitable for biological systems. Notably, 
Young’s modulus of a characteristic PDMS fiber was determined to be 1.07 mPa, which is orders 
of magnitudes less than that of its acrylic PMMA and silica glass counterparts. With the successful 
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proof-of-concept incorporation of Ru(dpp) into a PDMS fiber, maintaining the 
absorption/emission of Ru(dpp) alone, our PDMS fibers have great potential as fiber-optic 
biosensors. Because this incorporation is not dependent on the identity of Ru(dpp), any molecule 
with specific sensitivity can be suspended into the PDMS fiber. Because of their flexibility, PDMS 
fibers could act as in vivo implantable biosensors without the invasive effects of more rigid 
materials. 
 Solvent-swelling is an important property that is not fully discussed in this thesis. PDMS 
filaments have been found to swell upon exposure to pentane40, and PDMS, in general, has been 
characterized to swell from a large array of organic solvents.41,42 PDMS fiber optics could work 
well as environmental sensors because swelling will likely alter the transmission of light going 
through the fiber. The broad range of applications for PDMS fiber optics is largely due to the 
properties inherent to bulk PDMS. Channeling these properties into a PDMS fiber through a two-
step curing process allows us to produce promising waveguides. 
 
 
- 
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4 Final Words 
“There is a crack in everything. That's how the light gets in.”  
  -Leonard Cohen  
 
“Total internal reflection. That’s how the light stays in.” 
 
  -Katie Snell 
 
As a science major a few classes short of a literature major, I present to you my (somewhat 
excruciating) literature thesis. Science theses traditionally have informative titles that lack the 
spunk of other theses. So my title being “Gravity-drawing silicone filaments as model foldamers 
and fiber optics” falls short of something like this: 
“PDMS Filament Production: An Ode to Human Experience” 
We feel disorganized and slow moving, 
mixing with those that make us feel stronger. 
We are forced through the flames of existence, 
bogged down by gravity, trapped in the heat, 
thrown into the world like limp noodles, 
uncertain if we are even the same anymore.  
We can be changed, 
but at our core we are human, 
sticking to one another,  
fearing unfriendly, unfamiliar waters.  
We fold onto others, we fold onto ourselves, 
We learn to love the water.  
We are tricky and insufferable 
and sometimes preliminary, 
but propagating through us is something brilliant, 
something glowing.   
On our backs, in our hearts, 
It is light we all carry. 
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